Flavor asymmetry in light antiquark distributions is discussed. In particular, recent progress on theū/d asymmetry is explained. Then, we discuss possible future experimental studies.
Present situation
The light antiquark distributionū −d could be studied in various processes. So far, two major experimental methods have been used. One is the Gottfried sum in electron or muon deep inelastic scattering, and the another is the DrellYan process. After the Gottfried proposal in 1967, the sum rule has a long history of experimental investigations. However, the situation was not clear enough before the NMC data in 1991. As it is common in most sum rules, the small x information is crucial for finding an accurate sum. The sum is related to the F 2 structure functions for the proton and neutron. It is written in a parton model as
If theū distribution is equal tod, the second term vanishes and the above equation becomes the Gottfried sum I G = 1/3. According to the NMC reanalysis in 1994, the sum is
This is significantly smaller than the predicted value, and a natural way of interpreting the deficit is to assume ad excess overū according to Eq. (1). An independent experimental result was reported by the NA51 group in 1994 by using Drell-Yan data:
Unfortunately, the data point is given at only one x point, much detailed studies are needed. Currently, the same experiment is going on at Fermilab by the E866. Because the previous Fermilab experiments with nuclear targets did not find significant asymmetry, accurate results are awaited. There are not so many theoretical publications in 1970's and 1980's. There are some discussions based on a Pauli-blocking idea and on a diquark picture. It should be noted that perturbative QCD cannot explain the large deficit in the Gottfried sum. The next-to-leading (NLO) correction is calculated as
The NLO contribution is merely 0.3% at Q 2 =4 GeV 2 , and it is too small to explain the 30% deficit. Therefore, the interpretation should originate from nonperturbative physics. Although there is an estimate of the asymmetry in lattice QCD, a complete calculation is still too far away. Therefore, we should conjecture a possible model for explaining the experimental results. Various ideas are proposed. After several years since the NMC discovery, the situation seemed to settle down. The meson-cloud model is the most promising in the sense that the major part of the NMC and NA51 could be explained. Because of the difference betweenū andd in virtual meson clouds in the nucleon, we have the flavor asymmetry. For example, the proton decays into π + n or π 0 p. Because the π + has a valenced quark, these processes produce an excess ofd overū in the proton. The other idea is based on the Pauli-exclusion principle. According to this model, uū pair creations are more suppressed than dd creations because of the valence u quark excess over valence d in the proton. However, it seems that the effects are not large enough to explain the whole asymmetry. There are several proposed models; however, these are the major explanations. Because theoretical models are not discussed further in this paper, the interested reader may read Ref. [1] .
3. Futureū/d asymmetry studies
Drell-Yan process
There are data which have been already taken in connection with the flavor asymmetry; however, they are not still published. First, accurate Drell-Yan data should be reported by the Fermilab E866. The another is the HERMES semiinclusive data, which are discussed in the next subsection.
The Drell-Yan is a lepton-pair production process in hadron-hadron collisions A + B → ℓ + ℓ − X. In the parton model, it is described by quark-antiquark annihilation processes q +q → ℓ + ℓ − . The cross section is given by
where Q 2 is the dimuon mass squared: Q 2 = m 2 µµ , and τ is given by τ = m 2 µµ /s = x 1 x 2 . According to the above equation, the process can be used for measuring the antiquark distributions if the quark distributions in another hadron are known. For finding the flavor asymmetryū −d, the difference between p-p and p-n (practically p-d) Drell-Yan cross sections is useful. Considering the rapidity point y=0 and retaining only the valence-sea annihilation terms, we have
for the proton-proton and proton-neutron cross sections. All the above distributions are at x = √ τ because of y = 0. From these equations, the p-n asymmetry becomes
This quantity is very sensitive to theū−d distribution. However, antiquark-quark annihilation processes also contribute to the above equation at the rapidity point y=0. In this sense, it is better to take large x F (≡ x 1 − x 2 ) data so that the antiquarks in the projectile do not affect the asymmetry:
It is obvious from these expressions, A DY can be used to measure theū −d distribution. Currently, experimental analysis is in progress by the Fermilab-E866. Its preliminary results indicate theū andd distributions which are consistent with the NMC type flavor asymmetry. Although we should wait for the final report, the data seem to confirm the NMC finding. Because there is no neutron target, the deuteron is used for obtaining the asymmetry A DY . There is also a possibility to investigate this quantity at RHIC if the deuteron is accelerated. Furthermore, the flavor asymmetry in polarized parton distributions should be an interesting topic to be investigated in polarized reactions.
Charged-hadron production
Charged-hadron production processes could have information on the flavor asymmetry. The EMC semi-inclusive data were used for studying a relation to the Gottfried sum. However, the errors are too large to find a significant flavor asymmetry effect. Although it is not published yet, the HERMES collaboration used its charged-pion data to find the asymmetry. The charged-hadron cross section is proportional to the factor
where f i (x) is the quark distribution with flavor i and momentum fraction x, and D h i (z) is the i-quark to h-hadron fragmentation function with z = E h /ν. Assuming the isospin symmetry in the parton distributions, we consider a combination of proton and neutron cross sections:
Theū −d distribution could be extracted if we have information on the fragmentation functions. The recent HERMES preliminary data seem to be accurate enough to find theū/d asymmetry. The following π + and π − production ratio is related to the function R(x, z) for the pion by
The obtained data of r(x, z) in the range 0.1 < x < 0.3 agree well with the NMC flavor asymmetry, and they are significantly different from the symmetric expectation. The HERMES results will be submitted for publication in the near future.
W charge asymmetry
W production processes should be also useful in finding the flavor asymmetry. In particular, the W-charge-asymmetry studies at RHIC should be important not only in unpolarized distributions but also in polarized ones. In the following, we discuss the unpolarized case. We write W + production cross section in the p + p reaction in terms of the parton distributions:
The dominant processes of producing W + are u(x 1 ) +d(x 2 ) → W + and u(x 2 ) + d(x 1 ) → W + ; however, the first one becomes much larger than the second at large x F . Therefore, the cross section is sensitive to thed distribution at large x F . On the other hand, the cross section for the W − production is given in the same way:
At large x F , it is sensitive to theū distribution instead of thed in the W + case. This difference makes it possible to find the distributionū −d.
There are existing data on the W charge asymmetry by the CDF; however, they are taken in the p +p reaction. If we follow the similar equations to the above ones for the p +p reaction, we find that the p +p cross sections are not sensitive toū/d. Therefore, it is very important to have the asymmetry data in the p + p reaction. The RHIC is certainly a possible candidate to measure this quantity.
Deuteron acceleration at HERA
As a future project of HERA, acceleration of some nuclei is considered although it is not clear whether such a project is approved. If the electron-deuteron collider is realized at HERA, we should be able to test the NMC finding directly. The smallest x point in the NMC experiment is x = 0.004. Although they estimated the smaller x contribution by extrapolation, it is not very obvious whether the small x contribution is small. In order to test it directly, we need a highenergy accelerator. If it could be done at HERA, they should be able to get the data in the region x = 10 −4 − 10 −5 . These data are essential for finding the small x contribution to the Gottfried sum.
